ABSTRACT Crista junctions (CJs) are tubular invaginations of the inner membrane of mitochondria that connect the inner boundary with the cristae membrane. These architectural elements are critical for mitochondrial function. The yeast inner membrane protein Fcj1, called mitofilin in mammals, was reported to be preferentially located at CJs and crucial for their formation. Here we investigate the functional roles of individual domains of Fcj1. The most conserved part of Fcj1, the C-terminal domain, is essential for Fcj1 function. In its absence, formation of CJ is strongly impaired and irregular, and stacked cristae are present. This domain interacts with full-length Fcj1, suggesting a role in oligomer formation. It also interacts with Tob55 of the translocase of outer membrane β-barrel proteins (TOB)/sorting and assembly machinery (SAM) complex, which is required for the insertion of β-barrel proteins into the outer membrane. The association of the TOB/SAM complex with contact sites depends on the presence of Fcj1. The biogenesis of β-barrel proteins is not significantly affected in the absence of Fcj1. However, down-regulation of the TOB/SAM complex leads to altered cristae morphology and a moderate reduction in the number of CJs. We propose that the C-terminal domain of Fcj1 is critical for the interaction of Fcj1 with the TOB/SAM complex and thereby for stabilizing CJs in close proximity to the outer membrane. These results assign novel functions to both the C-terminal domain of Fcj1 and the TOB/SAM complex.
INTRODUCTION
Mitochondria have a number of essential functions in eukaryotic cells, including ATP synthesis, Fe-S cluster formation, and regulation of apoptotic pathways. They are delimited by an envelope, composed of the outer membrane and the inner boundary membrane. The latter membrane, together with the cristae membranes, which invaginate into the matrix space, forms the inner membrane. The inner boundary membrane is connected with the cristae membrane by crista junctions (CJs)-highly curved membrane structures with a tubular/slot-like morphology that are proposed to act as diffusion barriers for proteins, metabolites, and even protons (Mannella et al., 1994 (Mannella et al., , 2001 Mannella, 2006; Frey and Mannella, 2000; Perkins et al., 1997 Perkins et al., , 2003 Nicastro et al., 2000; Renken et al., 2002; Zick et al., 2009) . The ultrastructural appearance of cristae membranes is well known to exhibit high variability (Munn, 1974; Fawcett, 1981) . This is true not only for different organisms and cell types; alterations have also been described to prevail in numerous pathological situations in humans (DiMauro et al., 1985; Wallace, 2005) . Moreover, mitochondrial ultrastructure has been reported to domain ( Figure 1A and Supplemental Figure S1A) . First, the putative dimerization motif AXXXG was disrupted by changing the amino acid sequence to AXXXL (Fcj1 G52L ). Second, the transmembrane segment of Fcj1 was replaced by that of Dld1 (Fcj1 Dld1-TM ), a protein with the same topology as Fcj1. Third, the N-terminus of Fcj1 was replaced by the N-terminus of cytochrome b 2 (Cytb 2 ) to yield Fcj1 Cytb2 . In contrast to the situation with regard to Fcj1, this part in Cytb 2 is proteolytically cleaved in the IMS of mitochondria to release mature Cytb 2 into the IMS. Therefore, the chimeric protein Fcj1 Cytb2 after cleavage is expected to be present as a soluble protein in the IMS ( Figure 1A ).
All variants were expressed in cells lacking Fcj1 (Δfcj1). The same levels of expression were observed, and neither variant affected the protein levels of other mitochondrial marker proteins (Supplemental Figure S2 , A and B). All variants of Fcj1 were correctly located in the IMS, as revealed by proteolytic accessibility of digitonin-treated mitochondria isolated from Δfcj1 strains expressing the indicated variants ( Figure 1B and Supplemental Figure S1B ). On carbonate extraction followed by sedimentation or flotation of membranes, the Fcj1 Dld1-TM and Fcj1 G52L variants behaved like integral membrane proteins, similar to the Fcj1 wt control ( Figure 1C and Supplemental Figure S1C ). Fcj1 Cytb2 was efficiently, yet not completely, cleaved by the Imp1 peptidase (Supplemental Figure S3) . Still, only a minor fraction was extracted with sodium carbonate, unlike Hep1, which was used as a control for soluble proteins. The major fraction behaved like the integral membrane protein ADP/ATP carrier (Aac2). This is most likely not due to the minor amount of unprocessed precursor protein present (see Supplemental Figure S3 ), but rather due to some other type of firm association of Fcj1 Cytb2 with the membrane.
Neither inactivating the putative dimerization motif (Fcj1 G52L ) nor exchanging the transmembrane segment (Fcj1 Dld1-TM ) led to a growth defect on fermentable carbon source (SD; Figure 1D and Supplemental Figure S1D , left). Similarly, on a nonfermentable carbon source (SLac) a strain deficient in Fcj1 (Δfcj1) was fully rescued by these variants ( Figure 1D and Supplemental Figure S1D , right). In contrast, expression of Fcj1 Cytb2 did not rescue the growth defect of the Δfcj1 strain ( Figure 1D , right) nor did it reduce the generation of respiratory deficient cells typical for the Δfcj1 strain (Table 1) , suggesting the functional importance of anchoring Fcj1 to the inner membrane. Moreover, expression of Fcj1 Cytb2 caused growth impairment on a fermentable carbon source in the Δfcj1 strain. This was also observed when Fcj1 Cytb2 was expressed in a wild-type background, demonstrating a dominant-negative effect of this construct ( Figure 1D , left). Taken together, these data indicate the functional importance of anchoring the entire pool of Fcj1 to the inner membrane by a transmembrane segment.
The ultrastructure of mitochondria in cells expressing the Fcj1 variants in a Δfcj1 background was studied by electron microscopy. With Fcj1 G52L and Fcj1 Dld1-TM no alterations were observed compared with wild type ( Figure 1E and Supplemental Figure S1E ), and the number of CJs per mitochondrial section was not grossly affected (Table 2) . Expression of Fcj1 Cytb2 resulted in a reduction of the number of CJs per mitochondrial section to ∼50% compared with expression of Fcj1 wt (Table 2) . We attribute the remaining ability to form CJs to unprocessed molecules that are anchored to the inner membrane by the transmembrane segment of the Cytb 2 presequence (Supplemental Figure S3 ). We also tested the effect of expressing these variants on mitochondrial morphology by fluorescence microscopy. Fcj1 G52L and Fcj1 Dld1-TM fully reverted the aberrant mitochondrial morphology, in contrast to Fcj1 Cytb2 , which did so only partially (Supplemental Figure S4 ). Considering these results be highly dynamic; it changes rapidly upon metabolic alterations or induction of apoptosis (Mannella et al., 2001; Scorrano et al., 2002) .
We recently identified Fcj1 as a protein required for the formation of CJs in the yeast Saccharomyces cerevisiae ), a function also assigned to the mammalian orthologue mitofilin/ IMMT (John et al., 2005) . Fcj1 was the first protein to be localized to the CJ and was shown to modulate CJ formation in an antagonistic manner to the subunits e and g of the F 1 F O ATP synthase. Cristae structure depends on the oligomerization state of the F 1 F O ATP synthase (Paumard et al., 2002) , which is influenced by Fcj1 and subunits e and g . Protein interaction partners of Fcj1 and its orthologues have been suggested. Fcj1 was recently found to be part of a large multisubunit complex (MICOS/MINOS/MitOS complex) having a central role in the formation of CJs and in determining cristae morphology (Harner et al., 2011; Hoppins et al., 2011; von der Malsburg et al., 2011; Alkhaja et al., 2012) . Fcj1 was reported to interact with outer membrane proteins such as Tom 40 (von der Malsburg et al., 2011) , porin (Hoppins et al., 2011) , or Ugo1 (Harner et al., 2011) , thereby forming contact sites between the outer and the inner membrane. Mitofilin/IMMT in higher eukaryotes has been reported to physically interact with the outer membrane proteins SAMM50, metaxin-1 and -2, CHCHD3 and OPA1 (inner membrane/intermembrane space [IMS] proteins), Hsp70 (a matrix protein), and ChChd6 and DnaJC11 (two proteins of unknown location; Xie et al., 2007; Darshi et al., 2010) . Genetic evidence suggested that IMMT-1, one of two mitofilin/IMMT homologues present in Caenorhabditis elegans, in concert with the outer membrane protein MOMA-1 and with ChChd3, acts in one pathway determining cristae morphology (Head et al., 2011) . In addition, mitofilin was found to interact with DISC1, a mitochondrial protein involved in schizophrenia (Park et al., 2010) . The functional roles of these interactions have been a matter of speculation.
A characteristic of CJs is that they are located almost exclusively at sites where the cristae meet the inner boundary membrane (IBM). Similar alterations of membrane curvature hardly occur internally at cristae membranes. The molecular mechanism underlying this positioning of CJ is largely unknown. One possible explanation is that CJ formation is controlled by unknown factors located in or at the outer membrane to which CJs are physically anchored. Here we investigate the role of individual domains of Fcj1 in the formation of CJ. We show that the C-terminal domain of Fcj1 mediates physical contact to the outer membrane via an interaction with the translocase of the outer membrane β-barrel proteins (TOB)/sorting and assembly machinery (SAM) complex. On the other hand, we show that the TOB/SAM complex affects cristae morphology and CJ formation. We propose that the interaction of the C-terminus of Fcj1 with the TOB/SAM complex provides a molecular basis for the positioning of CJ in the architecture of mitochondria.
RESULTS

Anchoring of Fcj1 to the inner membrane is important for Fcj1 function
Several structural elements of Fcj1 can be distinguished. Fcj1 is a protein of ∼60 kDa molecular mass. It is anchored to the inner membrane by a hydrophobic segment close to the N-terminus, which faces the mitochondrial matrix ( Figure 1A) . The large hydrophilic part protruding into the IMS can be divided into at least two segments-the coiled-coil domain and the C-terminal domain. The latter domain is the only part of Fcj1 that is significantly conserved during evolution. To investigate the role of individual domains of Fcj1 in an initial step, we altered its transmembrane gated, as it is the only one required for the genetic interaction of Fcj1 with the F 1 F O ATP synthase.
Physical interaction of the C terminus of Fcj1 with the TOB55 complex
To study the role of the C-terminal domain of Fcj1, we expressed Fcj1 473-540 as a fusion protein with glutathione S-transferase (GST) in bacteria. The protein was purified by binding to glutathione Sepharose beads and, after cleavage from the GST moiety, analyzed by size exclusion chromatography (Figure 4, A and B) . Most of the protein was recovered as oligomeric complexes corresponding to tetramers to hexamers. This is consistent with the homotypic mode of protein-protein interaction of Fcj1 reported earlier and the observation of dimeric, trimeric, or tetrameric Fcj1 complexes upon solubilization of mitochondria in Triton X-100 ). In accordance with these findings, purified Fcj1 473-540 efficiently bound full-length Fcj1 from a mitochondrial lysate ( Figure 4C, left) . Thus the C-terminal domain appears to play an important role in the formation of homo-oligomers of Fcj1.
We then asked whether this domain would specifically interact with other proteins present in mitochondrial detergent lysates. Indeed, we found that Tob55 specifically binds to the C-terminal domain of Fcj1 ( Figure 4C ). Of interest, binding of Tob55 was enhanced together, we propose that the presence of a transmembrane segment in Fcj1 is important for full functionality but that a specific primary amino acid sequence of this part of Fcj1 is not critical.
The coiled-coil domain of Fcj1 is crucial for formation of crista junctions
To assess the functional role of the coiled-coil domain of Fcj1, we expressed in the Δfcj1 strain a variant lacking the coiled-coil domain (Fcj1Δ 166-342His , Figure 2A ). Because the deleted region contained the epitope recognized by our antibody, we added a C-terminal dodecahistidine (His12) tag to this truncated construct and expressed a His12-tagged, full-length variant of Fcj1 (Fcj1 His ) as a control. All variants were localized to the IMS and integrated into or strongly associated with mitochondrial membranes (Figure 2 , B and C), consistent with the presence of a transmembrane segment. Unlike the wild-type control (Fcj1 His ), Fcj1Δ 166-342His rescued only partially the growth defect of the Δfcj1 strain on a nonfermentable (SLac) carbon source, as demonstrated by drop dilution growth assays ( Figure 2D ) and by monitoring the increase in optical density during exponential growth in liquid media ( Figure 2E ). This incomplete growth suppression could be caused by an increased loss of mitochondrial DNA. Indeed, the percentage of respiratory-deficient cells in the Fcj1Δ 166-342His strain was higher than in the Fcj1 His strain but lower than in the Δfcj1 strain (Table 1) . Mitochondrial morphology was restored by Fcj1 His but not by Fcj1Δ 166-342His (Supplemental Figure S4 ). Cristae morphology in Fcj1Δ 166-342His cells was very similar of that in Δfcj1 cells, characterized by concentric cristae stacks with no or very few CJs ( Figure 2F ). The number of CJs per mitochondrial section was strongly reduced to ∼4% of control (Table 2) . Taken together, these results demonstrate the importance of the coiled-coil domain of Fcj1 for the formation of CJs. How the architecture of mitochondria is connected to functionality like growth is unclear. Similar observations were reported in a recent study in which a component of the MICOS/MINOS/MitOS complex, Aim13/ Mcs19, was deleted, resulting in a reduced number of CJs but not in a reduced cellular growth rate of yeast cells (Harner et al., 2011) .
The conserved C-terminal domain of Fcj1 is essential for Fcj1 function
The role of the most-conserved region within Fcj1, its C-terminal domain, was addressed by expressing Fcj1 1-472 that lacks the Cterminal 68 amino acid residues. This variant was present in mitochondria at a similar level as Fcj1 wt (Supplemental Figure S2A ) and was correctly localized and integrated into the membrane ( Figure 3 , B and C). Fcj1 1-472 did not rescue the growth defect of the Δfcj1 strain on SLac ( Figure 3D ). In addition, the high level of respiratorydeficient cells formed during exponential growth (Table 1 ) and mitochondrial morphology (Supplemental Figure S4) were not rescued. Concentric cristae stacks with no or very few CJs were abundant (Figures 1E and 3E) , as in Δfcj1 cells. The number of CJs per mitochondrial section was strongly reduced to ∼9% of control ( Table 2) . Overexpression of wild-type Fcj1 in a strain lacking subunit e of the F 1 F O ATP synthase (Δsu e) exerted a dominant-negative effect on growth on SLac ( Figure 3F ), consistent with the reported genetic interaction between Fcj1 and Su e ). This effect was observed upon expression of the variants described previously but not of Fcj1 1-472 ( Figure 3F ). Thus the C-terminal domain of Fcj1 appears to be required for the genetic interaction of Fcj1 with subunit e of the F 1 F O ATP synthase, confirming the necessity of this domain for Fcj1 function. In conclusion, we propose that the conserved C-terminal domain of Fcj1 is crucial for formation of stable CJ. This domain is unique compared with the other regions in Fcj1 investi-
Strain
Respiratory-deficient cells (%)
Wild type 1
Δfcj1 17
Δfcj1/ Fcj1 His 3
Δfcj1/Fcj1Δ 166-342His 8
Δfcj1/ Fcj1 1-472 16
The percentages of respiratory-deficient cells as indicated by petite colony morphology (rho−/rho 0 cells) on complete medium containing lactate supplemented with 0.1% glucose were determined (n total cells > 100) for the indicated strains. Δfcj1/Fcj1 1-472 9
Indicated strains were grown on nonfermentable carbon source, chemically fixed, and cryosectioned, and electron micrographs were analyzed. The strain Δfcj1/Fcj1 wt was used as a control, and the frequency of CJs per mitochondrial section was set to 100%. Further analysis by SDS-PAGE and immunoblotting using antibodies against Fcj1, Hep1 (matrix), Erv1 (intermembrane (Supplemental Figure S5BC ). In addition, deletion of Fcj1 and overexpression of Fcj1 or variants thereof did not affect the levels of Tob55 (Supplemental Figure S2A) . In further experiments we analyzed the import of β-barrel proteins into isolated mitochondria. Deletion of Fcj1 affected neither the protein import of porin, Tob55, or Tom40 (Supplemental Figure S5 , D F, and G) nor the assembly kinetics of porin or Tom40 (Supplemental Figure S5 , E and G). Overexpression of Fcj1 led to a modest reduction in the import and assembly of porin and of import of Tom40 and Tob55 but not of Fis1 ( Figure 5 , A-D, and Supplemental Figure S5H ). Furthermore, assembly of the TOB complex was only slightly affected in both mitochondria deficient in Fcj1 and mitochondria overexpressing Fcj1; the amount of assembled TOM complex was unaffected ( Figure 5E ). We conclude that overexpression of Fcj1 moderately impairs the function of the TOB complex but that Fcj1 does not appear to play a prominent role in the biogenesis of β-barrel membrane proteins.
The TOB/SAM complex is involved in determining cristae morphology and CJ formation
To address whether the TOB/SAM complex influences cristae morphology, we down-regulated Tob38, an essential component of the TOB/SAM complex, and determined mitochondrial ultrastructure in whole cells by electron microscopy. The levels of Tob55 in these cells were markedly reduced, whereas the levels of the matrix protein aconitase were hardly affected ( Figure 6A ). The levels of Tom40 were reduced, consistent with the fact that Tom40 is a β-barrel protein. On down-regulation of Tob38 mitochondrial ultrastructure appeared altered, as in some instances irregularly shaped, concentric cristae membranes resembling mitochondria lacking Fcj1 were observed ( Figure 6B , bottom). Such alterations were not observed when the wild-type strain was cultured under the same conditions ( Figure 6B , top). To further evaluate the effect of Tob38 down-regulation, we determined the ratio of inner membrane to outer membrane in mitochondrial sections, as it was reported that this ratio is increase about twofold in cells lacking Fcj1 . In Tob38 down-regulated cells this ratio was significantly increased as compared with the wild-type control (2.0 ± 0.4 [Tob38↓; n = 12] vs. 1.6 ± 0.2 [wild type; n = 10]; *p = 0.012 according to Student's t test). Next we determined the number of CJs per mitochondrial section. Down-regulation of Tob38 led to a moderate reduction of this value from 1.6 (wild type; 45 CJs in 29 mitochondrial sections) to 1.2 (Tob38↓; 54 CJs in 45 mitochondrial sections). In summary, downregulation of the TOB complex leads to altered cristae morphology and a slight reduction of the number of CJs.
DISCUSSION
The mutational analysis of Fcj1 reported here revealed a number of insights into the function of this protein, which is known for its role in determining the architecture of mitochondria and in maintaining cristae and CJ structure. Three modules of Fcj1 were analyzed:
when lysates were used from mitochondria lacking Fcj1 ( Figure 4C , right). Apparently, binding of Tob55 to the C-terminus of Fcj1 does not depend on the presence of full-length Fcj1. This suggests that the three interaction partners-the C-terminal domain of Fcj1, fulllength Fcj1, and the TOB complex-compete for binding to each other in such a way that possible binary interactions are promoted, whereas formation of a trimeric complex is less favored. For further analysis of the interaction between Fcj1 and the TOB complex we performed nickel-nitriloacetic acid (Ni-NTA) affinity purification from isolated mitochondria harboring a His-tagged version of Fcj1. Tob55 and Tob38, both subunits of the TOB complex, were copurified, whereas control outer and inner membrane proteins were not ( Figure 4D ). Performance of these experiments with mitochondria isolated from a strain expressing nontagged Fcj1 did not show an interaction of Fcj1 with the TOB complex. When mitochondria expressing a His-tagged variant of Fcj1 1-472 were used, the interaction to Tob55 was also lost, corroborating our earlier results ( Figure 4E ). We cannot, however, fully exclude the possibility that the observed lack of Tob55 is partly caused by a somewhat reduced solubility of the Fcj1 1-472His variant. Conversely, when using isolated mitochondria from a strain overexpressing His-tagged Tob55 for Ni-NTA affinity purification, we observed a specific copurification of Fcj1 ( Figure 4F ). In addition, we subjected detergent-solubilized, isolated, wild-type mitochondria to glycerol gradient density centrifugation. Subunit Tob55 of the TOB/SAM complex was observed to comigrate with a major subpopulation of a high-molecular weight Fcj1-containing complex (Supplemental Figure S5A) . We also prepared submitochondrial vesicles from wild-type mitochondria, fractionated them by sucrose density gradient ultracentrifugation, and analyzed the obtained fractions by SDS-PAGE and immunodecoration following a procedure recently described in Harner et al. (2011) . We observed that the TOB/SAM complex was present not only in the outer membrane fractions (1-3), but also in fractions containing Fcj1 in the middle of the gradient ( Figure 4G , top and bottom), consistent with a recent study (Harner et al., 2011) . These last-named fractions were shown to contain the MICOS complex (Harner et al., 2011) . When we performed the same analysis but with submitochondrial vesicles from mitochondria lacking Fcj1 we noted that the level of the last-named subpopulation of the TOB/SAM complex was markedly reduced ( Figure 4G , middle and bottom), demonstrating that in the absence of Fcj1 the association of the TOB/SAM complex with the inner membrane is strongly weakened or lost. In summary, several lines of evidence demonstrate a physical interaction between Fcj1 and the TOB complex.
Fcj1 plays a minor role in the biogenesis of β-barrel proteins
Prompted by the observed interaction of Fcj1 with Tob55, we tested whether Fcj1 has a role in the biogenesis of β-barrel proteins. We determined whether down-regulation of Tob38 or overexpression of Tob55 affected the protein levels of Fcj1. This was not the case space), Aac2 (inner membrane), and Tom70 (outer membrane). (C) Membrane insertion of Fcj1 variants. Mitochondria from Δfcj1 strains expressing the indicated Fcj1 variants were subjected to carbonate extraction. Aliquots of untreated mitochondria (M), supernatant (S), and pellet (P) after sedimentation were analyzed by SDS-PAGE and immunoblotting using antibodies against Fcj1, Aac2, and Hep1. Membrane insertion was also tested by carbonate extraction, followed by flotation centrifugation. Equal amounts of membrane (MF) and soluble fraction (SF) were loaded and analyzed as described. (D) Expression of Fcj1 wt and Fcj1 Dld1-TM but not of Fcj1 Cytb2 can rescue the growth phenotype of Δfcj1 on nonfermentable carbon source (SLac). Cells were grown to exponential phase on SLac at 30°C, consecutive fivefold dilution steps were made, and cells were spotted on SD-Leu and SLac-Leu plates. (E) Electron micrographs of mitochondria in chemically fixed whole yeast cells expressing the indicated Fcj1 variants. Cells were cultivated on selective SLac medium before fixation. Scale bars, 100 nm. Figure 1D . (E) Growth rates of indicated strains were monitored during exponential growth phase by determining the optical density at A 600nm . The y-axis is represented on a logarithmic scale. (F) Electron micrographs of mitochondria, as in Figure 1E . Figure 1D . (E) Electron micrographs of Fcj1 1-472 mitochondria, as in Figure 1E . F, Overexpression of Fcj1 variants in cells deficient in subunit e of the F 1 F 0 ATP synthase (Δsu e). Drop dilution tests were performed as in Figure 1D . interaction of the mammalian Fcj1 orthologue mitofilin/IMMT with subunits of the mammalian SAMM50 complex (Xie et al., 2007; Darshi et al., 2010) .
Our study shows that the C-terminal domain of Fcj1 serves as the domain interacting with the TOB complex. What could be the functional role of this interaction? One possibility was that Fcj1 has a so-far-unknown role in the import of β-barrel proteins. However, we did not find an indication for a major or direct role of Fcj1 in the biogenesis or function of the TOB complex. Another rationale for explaining the physical interaction between Fcj1 and the TOB complex relates to the observation that CJs are present at sites where the cristae meet the outer membrane. Internal branches of cristae that have similarities to CJs with respect to the general appearance of negative membrane curvatures are very rarely observed in wildtype cells. On the other hand, overexpression of Fcj1 was reported to lead to the formation of such internal branches . Three recent studies reported that Fcj1 in S. cerevisiae is part of a large protein complex-MICOS (Harner et al., 2011) , MINOS (von der Malsburg et al., 2011) , and MitOS (Hoppins et al., 2011 )-making contact sites to the outer membrane by interaction with Ugo1, the TOB complex, and with Tom40 (Harner et al., 2011; von der Malsburg et al., 2011) . In context with the data presented here as well as with these recently published studies we suggest that the interaction between Fcj1 and proteins in the outer membrane serves to stabilize CJs at this particular location. Thereby they create contact sites that are visible by electron microscopy in isolated mitochondria subjected to hyperosmotic treatment, leading to retraction of the IBM from the outer membrane, revealing sites of adhesion (Hackenbrock, 1968) . Taken together, the results suggest that Fcj1 is part of a large protein complex spanning from the inner membrane to the outer membrane. How all these components are arranged with respect to each other is an open question. It is not unexpected that modulating the level of a number of these components affects cristae morphology or impairs CJ formation. However, suspending the Fcj1-TOB interaction by deletion of the C-terminal domain of Fcj1 is sufficient to impair CJ formation and cristae morphology, pointing to a functional role of TOB/SAM and the C-terminus of Fcj1 in determining the architecture of cristae. On the other hand, depletion of the TOB complex leads to a reduced number of CJs and altered cristae morphology. We cannot exclude that the concomitant depletion of Tom40 contributes to this effect. However, this seems unlikely, as Tom40 levels were not reduced to an extent that might affect protein import into various mitochondrial compartments ( Figure 6A and Supplemental Figure S5B) . Furthermore, the view that the TOB/SAM complex plays a role in determining cristae structure is in agreement with a recent study in mammalian cells 1) the membrane anchor, 2) the coiled-coil domain, making up the major part of Fcj1, and 3) the C-terminal domain, which is the only part conserved in amino acid sequence among all mitofilins. The results of this part of the study show the following. 1) The transmembrane module is important to put and keep the protein in place, but a major specific function beyond this was not found. 2) The coiledcoil domain is not important for the genetic interaction of Fcj1 with the F 1 F O ATP synthase but is required for CJ formation. In addition, in the absence of this domain Fcj1 is still partially functional regarding its ability to complement the growth phenotype of Δfcj1 on a nonfermentable carbon source. 3) Several lines of evidence assign an important function to the most-conserved part of Fcj1, the Cterminal domain. The presence of this domain is required for the formation of CJs. It is also required for the ability of Fcj1 to exert a dominant-negative growth effect on cells lacking subunit e (Su e) of the F 1 F O ATP synthase. Apparently, the reported antagonism between Fcj1 and Su e ) depends on the C-terminal domain of Fcj1. In addition, this domain is sufficient to allow formation of homo-oligomers, consistent with the reported ability of fulllength Fcj1 to engage in homotypic interactions . The important role of the C-terminal domain may thus be linked to its ability to form homo-oligomers and to confer this ability on Fcj1. It is possible that the higher-order homo-oligomeric structure of Fcj1 mediated by its C-terminal domain is the structural basis for the construction of the narrow tubules that form the CJs.
The function of the C-terminal domain is particularly interesting since it is also involved in the interaction with the TOB complex. This protein-protein interaction is supported by several lines of evidence. The isolated C-terminal domain fused to GST was able to bind to Fcj1 as well as to the TOB complex present in detergent-solubilized, wild-type mitochondria. The amount of TOB complex bound was increased when mitochondrial lysates of the Δfcj1 strain were analyzed. This suggests that the isolated C-terminal domain of Fcj1 binds to other Fcj1 molecules and to the TOB complex in a competitive manner. Affinity chromatography using tagged Fcj1 or Tob55 confirmed their physical interaction. Moreover, an Fcj1-containing protein complex was detected to partially comigrate with the TOB complex in a linear glycerol density gradient separating protein complexes of detergent-solubilized, wildtype mitochondria. The interaction of Fcj1 with the TOB complex was further corroborated by cofractionation of both components in submitochondrial vesicles on a sucrose density gradient as described previously (Harner et al., 2011) . In addition, upon deletion of Fcj1, this subpopulation of the TOB complex lost its association with inner membrane vesicles. The observation that Fcj1 interacts with the TOB complex is in accordance with reports on a physical (GST-Fcj1 473-540 ) and recombinant GST (control) were bound to glutathione Sepharose beads. Mitochondria from wild-type or Δfcj1 cells were lysed with detergent and subjected to affinity chromatography. Fractions corresponding to total (T, 5%), unbound (UB, 5%), and bound (B, 100%) material were analyzed by SDS-PAGE and immunoblotting with antibodies raised against the indicated proteins. M, mock treatment, no lysate applied. (D) Fcj1 interacts with Tob55. Mitochondria from cells expressing Fcj1 His and Fcj1 wt (control) were lysed with detergent and subjected to Ni-NTA affinity chromatography. Further analysis as in C using indicated antibodies. For Tob55, long and short (sh.exp.) exposures are shown. Asterisks indicate unspecific cross-reactions. (E) Fcj1 lacking the C-terminal domain shows no interaction with Tob55. Mitochondria from cells expressing Fcj1 1-472His and Fcj1 His (control) were lysed with detergent and subjected to Ni-NTA affinity chromatography. Further analysis as in C using indicated antibodies. (F) Tob55 interacts with Fcj1. Mitochondria from cells overexpressing His-tagged Tob55 (Tob55↑↑) and from wild-type (control) were lysed with detergent and subjected to Ni-NTA affinity chromatography. Further analysis as in C. (G) A subpopulation of the TOB complex comigrates with Fcj1. Submitochondrial vesicles from wild-type (top) and Δfcj1 (middle) mitochondria were subjected to sucrose density gradient centrifugation as described in a recent study (Harner et al., 2011) . Equal volumes of each fraction were analyzed by SDS-PAGE and immunoblotting with antibodies raised against the indicated proteins. The relative intensities for Tob55 were quantified and plotted (bottom).
FIGURE 5: Overexpression of Fcj1 has a minor effect on the biogenesis of β-barrel proteins. (A, B) Overexpression of Fcj1 mildly impairs porin biogenesis. Mitochondria isolated from wild-type strain (Wt/pYX242) and or from the Δfcj1/pYX242-Fcj1 wt strain overexpressing Fcj1 (Fcj1↑) were incubated with radiolabeled precursor of porin for the indicated time periods. (A) Samples were treated with proteinase K, and mitochondria were analyzed by SDS-PAGE and autoradiography (top), and imported porin was quantified (bottom). The amount of imported porin into wild-type mitochondria after the longest incubation period was set to 100%. (B) After import as in A, samples were solubilized with 1% digitonin and analyzed by BN-PAGE and autoradiography (top). Assembled porin complexes as indicated were 2011). The biochemical mechanism by which the TOB/SAM complex and Ugo1 determine the morphology of the crista membrane remains to be elucidated.
The TOB complex has apparently evolved a second function in addition to its established one-the import of β-barrel proteins into the outer membrane. It is unclear when during evolution the TOB complex was selected for linking CJs to the outer membrane. Possibly, this is related to the fact that, in evolutionary terms, the insertion of β-barrel proteins is an old invention. Not only is the central component of the TOB complex, Tob55, well conserved among eukaryotes, but obviously it is derived from the Omp85 proteins of bacteria, which have the corresponding function of insertion of β-barrel proteins into the outer membrane (Paschen et al., 2005; Dolezal et al., 2006) . Cristae-like membrane infoldings are observed in some bacteria and mitochondria of eukaryotes and, of importance, were proposed to be present early during the endosymbiotic origin of eukaryotes (Cavalier-Smith, 2007) . Thus it seems possible that anchoring of ancestral CJ-like structures to the outer membrane occurred early in evolution. Future studies will have to characterize the complete machinery determining cristae morphology and contact sites and how these complexes are regulated.
MATERIALS AND METHODS
Yeast strains, plasmids, media, and growth conditions Yeast strains, plasmids, and primers used in this study are summarized in the Supplemental Information. Culturing of yeast strains was performed using standard methods (Sherman et al., 1986) at 30°C on complete liquid media containing 2% (vol/vol) lactate. Strains containing plasmids (Supplemental Tables S1 and S2) were grown on selective liquid media containing 2% (vol/vol) lactate supplemented with 0.1% (wt/vol) glucose. Drop dilution assays were performed to determine the growth phenotype. Cells were grown on liquid selective lactate medium at 30°C to exponential phase adjusted to 0.4 A 578nm /ml and subjected to consecutive fivefold dilution steps. We spotted 3-μl aliquots of each dilution on glucose-and lactate-selective plates, and plates were incubated for 2 d (glucose) and 3 d (lactate) at 24°C. In addition, we monitored the increase in optical density at A 600nm during exponential growth in liquid media. For determination of respiratory growth competence, indicated strains were grown on nonfermentable carbon source; during the exponential growth phase, cells were plated on agar plates with complete media containing 2% (vol/vol) lactate supplemented with 0.1% (wt/vol) glucose. The percentage of respiratory-deficient cells as indicated by petite colony morphology (e.g., rho−/rho 0 cells) was calculated (n total cells > 100).
Construction of Fcj1 variants
Details for generating Fcj1 variants are given in the Supplemental Information. Oligonucleotide sequences are given in Supplemental  Table S3 . (Habib et al., 2005) . The bands corresponding to F´ were quantified (bottom). (D) Overexpression of Fcj1 does not impair biogenesis of Fis1. Mitochondria as in A were incubated with radiolabeled precursor of Fis1. The levels of Fis1 present in carbonate pellets were analyzed by SDS-PAGE and autoradiography (top), and imported Fis1 was quantified (bottom). (E) Overexpression of Fcj1 mildly impairs assembly of the TOB complex. Mitochondria isolated from the indicated strains were solubilized in digitonin and analyzed by BN-PAGE. TOB complex (left) and TOM complex (right) were visualized by immunoblotting with antibodies against Tob55 or Tom40, respectively. The relative amounts relative to total mitochondrial protein are indicated at the bottom (wild-type controls were set to 100%).
demonstrating that SAM mutants but not Tom40 and VDAC/porin mutants adversely affected cristae morphology (Ott et al., 2012) . Still, a role of certain outer membrane proteins in crista morphogenesis seems quite possible, as, for example, Fcj1 interacts also with Ugo1, a protein involved in mitochondrial fusion (Harner et al., glutathione beads by cleavage with PreScission Protease at 4°C overnight.
GST-Fcj1 473-540 affinity chromatography
For affinity chromatography GSH-GST/Fcj1 473-540 beads were prepared. A 50-ml amount of cultured BL21 (DE3) pLysS E. coli cells expressing GST-Fcj1 473-540 was sonicated in 1 ml of buffer GST-A (30 mM HEPES, pH 7.4, 150 mM KAc, 2 mM ε-amino-N-caproic acid,1 mM PMSF, 0.5 mM EDTA). After centrifugation (16,000 × g, 15 min, 4°C) the supernatant was incubated for 30 min at 4°C with 50 μl of GSH Sepharose beads (GE Healthcare) equilibrated in buffer GST-A containing 0.05% Triton X-100. Beads were washed five times in 1 ml of buffer GST-A containing 0.05% Triton X-100. Isolated mitochondria from wild-type or Δfcj1 strains were solubilized at a Triton X-100/protein (wt/wt) ratio of 1 in solubilization buffer (30 mM HEPES, pH 7.4150 mM KAc, 2 mM ε-amino-N-caproic acid, 1 mM PMSF, 0.5 mM EDTA, protease complete inhibitor cocktail, 1% Triton X-100). After a clarifying spin (57,000 × g, 20 min, 4°C) equilibrated GSH-GST/Fcj1 473-540 beads were incubated with the supernatant and an equal volume of buffer GST-A for 30 min at 4°C and washed three times in 1 ml buffer of GST-A containing 0.05% Triton X-100. Proteins were eluted with Laemmli gel loading buffer preheated to 95°C.
Protein purification by Ni-NTA affinity chromatography
For Ni-NTA purification, isolated mitochondria were solubilized in NTA-solubilization buffer containing 30 mM HEPES, pH 7.4, 150 mM KAc, 20 mM imidazole, 1 mM PMSF, protease complete inhibitor cocktail, and 1% Triton X-100 on ice for 30 min. After a clarifying spin the supernatant was incubated for 30 min on ice with 50 μl of washed Ni-NTA beads slurry. After four washing steps in buffer containing 30 mM HEPES, pH 7.4, 150 mM KAc, 30 mM imidazole,1 mM PMSF, and 0.05% Triton X-100, protein was eluted with Laemmli gel loading buffer containing 300 mM imidazole.
Blue native gel electrophoresis and import of proteins
Mitochondria were resuspended in import buffer (250 mM sucrose, 80 mM KCl, 5 mM MgCl 2 , 3% (wt/vol) fatty acid-free bovine serum albumin, 10 mM 3-(N-morpholino)propanesulfonic acid, 2 mM ATP, 2 mM NADH, pH 7.2) to a protein concentration of 0.5 mg/ml. Samples, which were analyzed further by blue native (BN)-PAGE, were additionally supplemented with 5 mM creatine phosphate and 0.1 mg/ml creatine kinase. Import of precursor proteins was initiated by addition of reticulocyte lysate (5-10% [vol/vol)]) containing 35 Slabeled protein, and reaction mixtures were incubated for various time periods at 25°C. Import reaction was stopped by adding proteinase K (50 μg/ml) or cold SEM buffer containing 80 mM KCl and 2 mM PMSF. The protease was inhibited after 15 min of incubation on ice by addition of 2 mM PMSF and additional incubation for 15 min on ice. Mitochondria were finally harvested by centrifugation (36,000 × g, 15 min, 4°C) and resuspended in either 30 μl of 2× Laemmli gel loading buffer (for further SDS-PAGE analysis) or 30 μl of BN-PAGE solubilization buffer (0.1 mM EDTA, 50 mM NaCl, 10% [vol/vol] glycerol, 1 mM PMSF, 20 mM Tris, 1% [wt/vol] digitonin, pH 7.4) for further analysis by BN-PAGE according to Schägger (2001) . Isolated mitochondria (40-100 μg) were resuspended in 30 μl of BN-PAGE solubilization buffer on ice for 15 min. After a clarifying spin (37,000 × g, 15 min at 2°C) solubilized material was transferred into a new tube and mixed with 3 μl of 10× loading dye (5% [wt/vol] Coomassie blue G, 500 mM ε-amino-N-caproic acid, 100 mM bisTris, pH 7.0). Samples were loaded on the precooled 6-13% native gradient gel and run in a cold room (4°C).
Submitochondrial localization of Fcj1 variants
Yeast total cell extracts were prepared by alkaline lysis as previously described (Herlan et al., 2003) . Mitochondria were isolated according to standard procedures (Herrmann et al., 1994) and diluted to a final concentration of 1 mg/ml in HS buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES] , pH 7.4, 0.6 M sorbitol). Mitochondria (1.9 mg) were mixed with increasing amounts of digitonin (0-1.0% [wt/vol]) and proteinase K (100 μg/ml) and incubated for 30 min on ice. Digestion of proteins was stopped by adding 1 mM phenylmethylsulfonyl fluoride (PMSF) for 5 min on ice, and cells were reisolated by centrifugation (13,000 × g, 10 min, 4°C) and washed once with 1 ml of HS buffer containing 1 mM PMSF. Proteins were precipitated with trichloroacetic acid, washed once with icecold acetone, and dissolved in Laemmli gel loading buffer. All samples were analyzed by SDS-PAGE and immunoblotting.
Analysis of membrane insertion
To extract peripherally bound membrane proteins, we diluted mitochondria to a final concentration of 1 mg/ml in HS buffer. Equal volume of freshly prepared 0.2 M sodium carbonate was added, and the sample was incubated for 30 min on ice. Membrane and soluble fractions were then separated by centrifugation (90,000 × g, 30 min, 4°C) and analyzed by SDS-PAGE and immunoblotting. For membrane floating, carbonate extraction was performed as described. After 30 min of incubation the mitochondria/carbonate solution was mixed with 20 mM HEPES buffer containing 2.4 M sucrose to a final concentration of 1.7 M sucrose and overlaid with a sucrose step gradient containing 0.25, 1.4, and 1.6 M sucrose and centrifuged as described. Bottom (soluble) and top (membrane) fractions were analyzed by SDS-PAGE and immunoblotting.
Electron microscopy
Transmission electron microscopy (TEM) on chemically fixed, cryosectioned yeast cells using the Tokuyashu method (Figures 1-3 and Supplemental Figure S1 ) was performed as previously described (Vogel et al., 2006; Rabl et al., 2009) . TEM for Figure 6 was performed as described in Harner et al. (2011) .
Fluorescence microscopy
Strains were transformed with pVTU100-mtGFP expressing mitochondrial targeted green fluorescent protein (Westermann and Neupert, 2000) . Cells were grown in selective medium (lactate) containing 0.2% glucose to exponential phase and analyzed by standard fluorescence microscopy. From 50 to 150 cells were classified for each strain.
Protein expression and purification of Fcj1 An overnight culture of BL21 (DE3) pLysS Escherichia coli cells (Stratagene, Santa Clara, CA), transformed with pGEX-Fcj1 473-540 , was diluted at 1:40 ratio in 3 l of LB-Medium supplemented with ampicillin (100 μg/ml) and chloramphenicol (33 μg/ml) and grown to OD 595 of 0.3 at 37°C. Cells were shifted to 24°C and grown to OD 595 of 0.6, and expression was induced by addition of 0.1 mM isopropyl-β-d-thiogalactoside. After 3 h of expression, cells were harvested by centrifugation, resuspended in 40 ml of buffer A (300 mM NaCl, 1 mM PMSF, 1 mM EDTA, 20 mM Tris/HCl, pH 7.0) and disrupted by sonication. After centrifugation the supernatant was incubated for 3 h with glutathione (GSH) Sepharose beads (GE Healthcare, Piscataway, NJ) at 4°C for protein binding. After removal of unbound material, beads were washed with 120 ml of buffer A and resuspended in 30 ml of the same buffer. Recombinant protein was eluted from
